Abstract: Staggered InGaN quantum wells (QWs) are investigated both numerically and experimentally as improved active region for light-emitting diodes (LEDs) emitting at 520 -525 nm. Based on a self-consistent six-band k . p method, band structures of both two-layer staggered In x Ga 12x N/In y Ga 12y N QW and three-layer staggered In y Ga 12y N/In x Ga 12x N/In y Ga 12y N QW structures are investigated as active region to enhance the spontaneous emission radiative recombination rate (R sp ) for LEDs emitting at 520 -525 nm. Numerical analysis shows significant enhancement of R sp for both two-layer and three-layer staggered InGaN QWs as compared to that of the conventional In z Ga 12z N QW. Significant reduction of the radiative carrier lifetime contributes to the enhancement of the radiative efficiency for both two-layer and three-layer staggered InGaN QW LEDs emitting at 520 -525 nm. Three-layer staggered InGaN QW LEDs emitting at 520 -525 nm was grown by metal-organic chemical vapour deposition (MOCVD) by employing graded-temperature profile. Power density-dependent cathodoluminescence (CL) measurements show the enhancement of peak luminescence by up to 3 times and integrated luminescence by 1.8 -2.8 times for the three-layer staggered InGaN QW LED. Electroluminescence (EL) output power of the staggered InGaN QW LED exhibits 2.0-3.5 times enhancement as compared to that of the conventional InGaN QW LED. The experimental results show the good agreement with theory.
Introduction
III-Nitride material system as active region for light-emitting diodes (LEDs) and laser diodes (LDs) covers the emission from UV up to visible regime [1 -5] . The advances in UV and blue-emitting LEDs based on InGaN quantum-well (QW) active regions have led to relatively high internal quantum efficiency (IQE) [1 -3] ; however, the extension of emission wavelength by employing InGaN-based QW into green and yellow spectral regimes has been challenging. The AlGaInP material has demonstrated superior device characteristics in the red emission regime [6] . However, the AlGaInP material system has limitation in particular for pushing the emission wavelength down from red spectral regime into yellow spectral regime.
The challenge in the pursuit of high IQE active region for green emission spectral regime is referred as 'green gap' challenge [7] . The InGaN QW LEDs suffer from the low IQE for the green emission, which leads to the significantly lower external quantum efficiency (EQE) for green LEDs [7] . The low IQE in green-emitting InGaN QW active region has also led to challenges in achieving diode lasers emitting in the green regime. This paper focuses on the InGaN-based QWs as active region for high-performance LEDs emitting at the green regime. The major challenges for high-efficiency greenemitting conventional InGaN QW LEDs include (i) high threading dislocation densities because of the defects generated at the GaN/sapphire interface as well as from the lattice mismatch between high In-content InGaN QW and the GaN barrier layers; (ii) phase separation in high In-content InGaN QW active region and (iii) significantly reduced electron -hole wavefunction overlap (G e_hh ) because of the existence of the electrostatic field in the QW.
The strong electrostatic field in InGaN QWs [4] results from both spontaneous polarisation (P spon ) and piezoelectric polarisation (P piezo ). The P spon in InGaN QWs stems from the non-ideal internal cell parameters (c/ a) of the wurtzite III-nitride [0001]-oriented materials. The P piezo in InGaN QWs arises from the lattice mismatch between the InGaN QWs and the GaN barriers, and P piezo is proportional to the lattice mismatch. The existence of the strong electric field from both spontaneous and piezoelectric polarisations causes the charge separation in the InGaN QWs, which leads to a significant reduction of the electron-hole wavefunction overlap (G e_hh ). Based on Fermi's golden rule, the transition rate between the conduction band and valence band is proportional to the square of the matrix element, which is proportional to the electron-hole wavefunction overlap (G e_hh ). Thus, the significant reduction of G e_hh in InGaN QWs leads to significant reduction in its radiative recombination rate (jG e_hh j 2 ).
To extend the emission wavelength for InGaN QW-based LEDs to green and beyond, two approaches can be employed as follows: (i) use higher In-content InGaN QW or (ii) employ InGaN QW with larger QW thickness. However, both approaches lead to severe reduction of electron-hole wavefunction overlap (G e_hh ). Hence, in order to enhance the efficiency for InGaN QW-based LEDs emitting at the green regime, improvement of the electron-hole wavefunction overlap (G e_hh ) is very important.
Recently, several approaches have been proposed to enhance the electron -hole wavefunction overlap (G e_hh ) such as (i) the use of non-polar InGaN QW [8] , (ii) the use of InGaN QW with d-AlGaN layer [9, 10] , (iii) staggered InGaN QW [11 -16] , (iv) type-II InGaNGaNAs QW [17, 18] and (v) strain-compensated InGaNAlGaN QW [19, 20] . In the approach for non-polar InGaN QW LEDs [8] , the growths of the QWs were conducted on m-plane or a-plane GaN template. The approaches in [9 -20] focus on the pursuit of nitride QWs grown on c-plane GaN templates. All these approaches [8 -20] focused on increasing the radiative recombination rate of the InGaN-based QW by improving the electron-hole wavefunction overlap (G e_hh ) in the QW.
Previously, the two-layer staggered InGaN QW employing step-function like In-content in the QW had been implemented into LED device structure for emission in the blue spectral regime [11, 12] . The use of two-layer staggered InGaN QW LEDs led to improvement in output power and efficiency of the devices.
In this paper, we present both numerically and experimentally the optimisation studies of the staggered InGaN QW by engineering the In-content and sub-layer thickness of the staggered InGaN QWs emitting at 520 -525 nm. Based on a self-consistent six-band k . p model for wurtzite semiconductor, both the electron-hole wavefunction overlap (G e_hh ) and spontaneous emission radiative recombination rate (R sp ) of the optimised twolayer staggered In 33 The organisation of this paper is presented as follows. Section 2 introduces the concept of two-layer staggered In x Ga 12x N/In y Ga 12y N QW and three-layer staggered In y Ga 12y N/In x Ga 12x N/In y Ga 12y N QW structures. In Section 3, the theoretical and numerical formulation is presented briefly. The spontaneous emission radiative recombination rate (R sp ) is discussed for staggered InGaN QWs emitting at 520 -525 nm in Section 4. The radiative carrier lifetime and radiative efficiency of staggered InGaN QWs LEDs are discussed in Section 5, and the results will be compared with those of conventional InGaN QW LEDs. Section 6 discusses the effect of the Auger recombination on the radiative efficiency on both conventional and staggered InGaN QWs. In Section 7, the MOCVD growth of three-layer staggered InGaN QW LED employing temperature profile will be presented followed by the power density-dependent CL measurement and EL characterisation for three-layer staggered InGaN QW LED as compared to that of the conventional InGaN QW LED in Section 8.
Concepts of staggered InGaN QWs
The existence of electrostatic field in the InGaN QW results in 'charge separation' effect in the QW, which leads to spatial separations of the electrons and holes in the QW. The charge separation in conventional InGaN QW leads to a severe reduction of the electron-hole wavefunction overlap (G e_hh ), in comparison to that of non-polar QW structure. The low electron-hole wavefunction overlap (G e_hh ) in
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To compare the performance of the active regions of these three structures for LED application, the In-contents and sub-layer thickness for the conventional InGaN QW, two-layer staggered In x Ga 12x N/In y Ga 12y N QW and three-layer staggered In y Ga 12y N/In x Ga 12x N/In y Ga 12y N QW are designed such that all three QWs emit at similar peak emission wavelength.
By engineering the energy band lineups, the electron-hole wavefunction overlap (G e_hh ) of the staggered InGaN QWs can be significantly enhanced. The concept of two-layer staggered InGaN QW was proposed in [11, 12] . The concept of three-layer staggered InGaN QW for LED application was proposed and experimentally studied in [13, 14] , respectively. Thus, both the two-layer and three-layer staggered InGaN QWs are expected to have higher spontaneous emission radiative recombination rate (R sp ) than that of the conventional InGaN QW, which in turn leads to enhancement in radiative and IQE of the LEDs.
Theoretical and numerical formulation
The band structure calculation for the conventional and staggered InGaN QWs is based on self-consistent six-band k . p formalism for wurtzite semiconductors [20 -23] . The calculation takes into account the valence band mixing, the strain effect and the spontaneous and piezoelectric polarisations as well as the carrier screening effect. To take into consideration the carrier screening effect, the confined eigen-energies and corresponding wavefunction are calculated self-consistently via the Schrödinger and Poisson equations [20, 23] . Note that the six-band k . p method considers the band mixing and coupling within the valence band. In this calculation, the band structure for the conduction band uses parabolic approximation. The coupling between the conduction band and valence band is negligible for the case of the wide bandgap InGaN material system [21, 22] .
For the QW structures, the momentum matrix elements (jM sp j 2 ) become polarisation dependent including both TE polarisation (jM TE j 2 ) and TM polarisation (jM TM j 2 ) terms. In this study, the spontaneous emission rate is obtained by averaging of the momentum matrix elements of three polarisations as
)/3. The details of the self-consistent numerical formulation for InGaN-based QW active regions employing self-consistent six-band k . p formalism are presented in [20] .
The material parameters of binary InN, GaN for the band structure calculation are obtained from [24, 25] , which are summarised in the table in [20] . The parameters for the ternary alloy InGaN are obtained by linear interpolation of that of the binary InN and GaN, except for the energy gap of InGaN. The bandgap for In x Ga 12x N is obtained as follows:
, where the bowing parameter (b) is 1.4 eV [24] . The band offset ratio (DE c :DE v ) of InGaN/GaN is assumed to be 0.7:0.3 [26] .
The finite difference approach is employed to solve the Schrodinger's and Poisson's equations for semiconductor heterostructure or nanostructure [20, 27] . The discretised step size is 1 Å . The thickness of the GaN barriers is assumed to be much thicker than the InGaN QW, which ensures the evanescence of the envelope wavefunction in the GaN barriers for both conduction band and valence band. The potential band lineups are solved selfconsistently based on the Poisson's equation [23] . The convergence condition is set such as the tolerance of the eigen-energy is less than 0.1%. specifically designed such that all three QWs emit at 520-525 nm. As shown in Fig. 1a , a large spatial separation between electron and hole wavefunction is observed in the conventional InGaN QW because of the existence of the strong internal electric field and with the electron-hole wavefunction overlap (G e_hh ) of 14.9%. Fig. 1b shows the two-layer staggered InGaN QW design employing a stepfunction like In-content for the QW, and the use of these two-layer design leads to the electron wavefunction being pushed to the centre of the QW resulting in enhanced electron-hole wavefunction overlap (G e_hh ) of 23.8%. Fig. 1c shows three-layer staggered InGaN QW with higher In-content sub-layer in the centre sandwiched between two sub-layers with lower In-content. In the three-layer QW, both the electron and hole wavefunctions are pushed to the centre of the QW resulting in increase in the electron-hole wavefunction overlap (G e_hh ) of 27.31%. By optimising the In-contents and thicknesses of the sublayers for both two-layer staggered InGaN QW and threelayer staggered InGaN QW, the electron-hole wavefunction overlap (G e_hh ) of the staggered InGaN QW is improved by 1.6-1.8 times with similar emission wavelength of 520-525 nm. 
where f c n (k t ) and f v sm (k t ) are the Fermi-Dirac distribution functions for the electrons in conduction band and valence band, and k t is the in-plane wavevector, L w is the thickness of the QW, (M) nm (k t ) is the momentum matrix element between nth conduction subband and mth valence subband. Owing to the asymmetry of the band lineups for the conduction band and valence band, the transitions between states with unequal quantum numbers (m = n) are nonzero. In this calculation, all possible transitions between the Fig. 3 illustrates the spontaneous emission radiative recombination rate per unit volume (R sp ) for the conventional InGaN QW, the two-layer staggered InGaN QW and the three-layer staggered InGaN QW as a function of the carrier density up to 10 Â 10 18 cm
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. For the two-layer staggered InGaN QW, the enhancement of the spontaneous emission radiative recombination rate (R sp ) ranges between 1.82 and 2.74 times at each carrier density as compared to the conventional InGaN QW. The enhancement of the R sp for the three-layer staggered InGaN QW as compared to the conventional InGaN QW ranges between 2.03 and 3.78 times.
Carrier lifetime and radiative efficiency for staggered InGaN QWs
The radiative efficiency (h Rad ) is defined as the ratio of recombination current in the QW that recombines radiatively resulting in photon generation as following
where the non-radiative recombination rate R non rad consists of both the monomolecular and Auger recombination rates in the QW as follows
Owing to the negligible value of the Auger coefficient in the InGaN-based wide bandgap material system [28, 29] , the non-radiative part only take into account the monomolecular recombination in this analysis. Thus, the radiative efficiency of InGaN QW LEDs can be expressed as
Further discussion on the impacts of Auger recombination on the radiative efficiency of InGaN QW LEDs will be discussed in Section 6.
The total carrier lifetime (t total ) composes of both the radiative lifetime (t rad ) and non-radiative lifetime (t non_rad ), as follows
where
The relation of the radiative current density and radiative recombination rate is related by the following equation improved spontaneous emission radiative recombination rate (R sp ) as compared to that of the conventional InGaN QW. From Fig. 4a , the radiative carrier lifetime (t rad ) of the twolayer staggered InGaN QW is reduced by 45.1-63.5% as compared to that of the conventional InGaN QW at different carrier density, whereas the radiative carrier lifetime (t rad ) of the three-layer staggered InGaN QW is reduced by 50.9 -73.5% (l 520-525 nm).
To better understand the relationship between the carrier lifetime and the current density, Fig. 4b shows the radiative carrier lifetime (t rad ) against the radiative current density for the conventional, two-layer staggered, and three-layer staggered InGaN QWs emitting at 520-525 nm. Fig. 4b shows similar trend as that of Fig. 4a , which indicates that the radiative carrier lifetimes for staggered InGaN QWs (both two-layer and three-layer staggered InGaN QWs) structures significantly reduce, in comparison to that of the conventional InGaN QW for the radiative current density analysed up to 60 A/cm 2 . Note that the longer radiative lifetimes observed for InGaN QWs emitting in the 520 -525 nm is a result of the lower optical matrix element in these QWs, in comparison to those observed for blueemitting InGaN QWs active regions.
The total carrier lifetime (t total ) can be obtained from (9) . Note that in the current analysis, we have only taken into account the monomolecular recombination process for the non-radiative recombination. The monomolecular recombination coefficient (A) [30] . Further discussion on the impacts of Auger recombination in InGaN QW will be discussed separately in Section 6.
The total carrier recombination lifetimes as functions of carrier density in the QWs are plotted in Fig. 5a for QWs emitting in the 520 -525 nm. It is interesting to note that significant reduction in the total carrier lifetimes were observed because of the use of staggered InGaN QWs. The use of three-layer staggered InGaN QW leads to the most optimised QW structures with lowest carrier lifetimes. Note that all the QWs studied here assumed similar monomolecular recombination coefficient (A). The use of low A value is realistic in particular for high-quality InGaN QW material, and the reported carrier lifetimes here are comparable with the total carrier lifetimes reported from experiments [32, 33] . Fig. 5b shows the total carrier lifetime against the total current density for conventional, two-layer staggered and three-layer staggered InGaN QWs. Fig. 5b indicates that the total carrier lifetime decreases for both two-layer and three-layer staggered InGaN QWs as compared to that of the conventional InGaN QW for both structures emitting at 520 -525 nm.
Based on (3) - (5), the radiative efficiency (h Rad ) as a function of carrier density (N ) (Fig. 6a) and total current density ( Fig. 6b) in QW is calculated for the conventional InGaN QW, two-layer staggered InGaN QW and threelayer staggered InGaN QW for the structures discussed in Section 4. In Fig. 6a , the carrier density in the QW was calculated up to 50 Â 10 18 cm
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. Note that the radiative efficiency (h Rad ) increases as the carrier density increases, because of the stronger carrier dependency of the radiative recombination rate (R sp ). Both Figs. 6a and b show the similar trend. The radiative efficiency (h Rad ) is enhanced by 1.32 -2.32 times and 1.38 -3.72 times for the two-layer staggered InGaN QW and three-layer staggered InGaN QW as compared to that of the conventional InGaN QW. In the low carrier density/current density regime, the conventional InGaN QWs exhibited relatively low radiative efficiency, whereas both the staggered InGaN QW designs exhibited significantly higher radiative efficiency. Only at very high carrier density/current density level, the radiative recombination rate in the conventional InGaN QW design increases. However, it is important to note that high carrier density/current density operation may not be favourable for optimised InGaN QW LED device operation; in particular, thermionic carrier leakage may limit the current injection efficiency in QW LEDs or lasers devices [34] .
By utilising both of the two-layer and three-layer staggered InGaN QW structures, the electron -hole wavefunction overlap (G e_hh ) is greatly enhanced especially when one extends the emission wavelength to green spectral regime and longer. The improved electron -hole wavefunction overlap (G e_hh ) leads to the enhancement of the spontaneous emission radiative recombination rate (R sp ) for the staggered InGaN QWs, which results in the reduced radiative carrier lifetime (t rad ) and improved radiative efficiency (h Rad ). Note that the analysis presented here did not take into account many-body Coulomb effects [35] . Recent simulations of two-layer staggered InGaN QWs by Park et al. [15] have taken into account the many-body effects and have shown trends that are similar to our results [13] .
Note that the radiative efficiency presented in both Figs. 6a and b did not take into account the contribution of current injection efficiency in the InGaN QW LEDs. It is important to note that the internal efficiency in the IIInitride LEDs depends on both the contribution from the current injection efficiency and radiative efficiency of InGaN QW active region. The discussion of the current injection efficiency for InGaN QW LEDs is beyond the scope of this paper. The current injection efficiency of QW LEDs and lasers depends strongly on the interplay of carrier capture and thermionic emission of carriers in QW -barrier heterostructures, carrier transports, and carrier recombinations in QW and barrier regions [34] .
Impacts of Auger recombination on radiative efficiency of InGaN QW LEDs
The Auger recombination rate in wide bandgap III-nitride semiconductor is predicted to be significantly lower, in /s [30] . Further studies are still required to clarify and confirm the Auger coefficients (C Auger ) for InGaN/GaN QW system, because of the large discrepancies from the reported Auger coefficients in [28] [29] [30] .
In the radiative efficiency studies presented in Section 5, we specifically did not take into account Auger processes in the analysis. However, in this section, we will present the radiative efficiency analysis of the staggered InGaN QW by taking into account both the upper limit and lower limit of the reported Auger coefficients. /s (upper limit). These upper and lower limits of the Auger coefficients were used to represent the large range of values reported in [28] [29] [30] . As the analysis presented in Fig. 7 is intended to illustrate the trend in the radiative efficiency characteristics of staggered InGaN QWs by taking into account the Auger recombination process, we provide the comparison studies for the optimised three-layer staggered InGaN QW and conventional InGaN QW. The inclusion of the lower limit Auger coefficient modifies the radiative efficiency relation very slightly, and the radiative efficiency relation appears to be relatively similar to that computed in Fig. 6b . However, for the case of upper limit Auger coefficient, the significantly larger Auger recombination rate results in relatively low radiative efficiency at high current injection level. The use of staggered InGaN QW results in improvement in radiative efficiency for all Auger coefficients considered here.
Our analysis indicated that the use of staggered InGaN QW active regions with enhanced radiative recombination rate is significantly more important, in the event that Auger recombination coefficient is large in InGaN QW. The Auger process follows N 3 relation, thus the non-radiative processes will be dominant as the carrier density in the QW increases.
MOCVD growth of staggered InGaN QW LEDs
Based on the numerical simulation and analysis presented in previous sections, both two-layer and three-layer staggered InGaN QWs exhibited significant increase in radiative recombination rate in comparison to that of conventional InGaN QW. The three-layer staggered InGaN QW structure shows optimised spontaneous emission radiative recombination rate and radiative efficiency, in comparison to those of conventional and twolayered staggered InGaN QW active regions.
In this section, we present the growths of three-layer staggered InGaN QW LEDs emitting in the 520 -525 nm spectral regime employing graded temperature profile, with the QW structure designed specifically for improved electron-hole wave-function overlap to enhance the radiative recombination rate and radiative efficiency of LED device. Previously, the two-layer staggered InGaN QW [11, 12] with step-function like In-content was used to enhance the electron -hole wavefunction overlap leading to improved radiative efficiency and output power of blueemitting LED devices, and the compositional engineering of the In-contents was accomplished by modifying the In-precursor (TMIn) flow rate into the chamber during the InGaN QW growth. In our current studies, the greenemitting three-layer staggered InGaN QW was grown by MOCVD with graded temperature profile, as shown in Fig. 8 . The use of graded temperature profile during the growth leads to more practical and repeatable approach to grow staggered InGaN QW. To grow high In-content InGaN QW is challenging because of the weak bond strength of InN; as a consequence, the incorporation of indium into the InGaN layer is very sensitive to the growth temperature. As shown in Fig. 8 , the three-layer staggered In y Ga 12y N/In x Ga 12x N/In y Ga 12y N QW is composed of three layers (layer #1, layer #2 and layer #3). The growth condition for the three-layer staggered InGaN QW is designed as follows: layer #1 is grown at T 1 (8C) for t 1 (s), layer #2 is grown at T 2 (8C) for t 2 (s) and layer #3 is grown at T 1 (8C) for t 1 (s). Between layer #1 and layer #2, the temperature is ramped up from T 1 to T 2 by t p (s). Similarly, between layer #2 and layer #3, the temperature is ramped down from T 2 to T 1 by t p (s). Note that constant TMIn, TMGa and NH 3 flow rates are used during the three-layer staggered InGaN QW growth. The real growth temperature profile contains brief overshoot during the ramp-up and ramp-down layer growths. By utilising the graded temperature profile, the composition of In-content in InGaN layer can be engineered to form three-layer staggered InGaN QW structure. Fig. 9 shows the calibration studies on the In-content incorporated into the MOCVD-grown In x Ga 12x N layer as a function of the growth temperature. All the samples for the calibration studies of the In-content were grown on 2.5-mm thick undoped GaN template on c-plane sapphire substrates. The growth of InGaN layer employs TMIn, TEGa and NH 3 as the precursors, and N 2 gas was employed as carrier gas. The V/III and [TMIn]/[Group III] molar ratios were kept constant at 10 200 and 0.38, respectively. By changing the growth temperature, various In-contents in the InGaN layer can be obtained. The calibration of In-contents of InGaN alloy grown at various growth temperatures were obtained by X-ray diffraction (XRD) measurements. From our studies, we found that the In-content decreases following a relatively linear relation with increasing growth temperature. The Incontent in InGaN layer decreases from 28% to 18% as the growth temperature increases from 7208C to 7808C. By employing the grading in growth temperature, the compositional engineering of the In-contents in the InGaN QW can be achieved.
Characterisations of staggered InGaN QW LEDs
The device performance characteristics of the three-layer staggered InGaN QW LEDs are compared to those of the conventional InGaN QW. To evaluate the three-layer staggered InGaN QW grown by temperature-graded profile as active region for LEDs, both conventional and three-layer staggered InGaN LEDs were grown and fabricated. Both conventional and three-layer staggered InGaN QW were grown by MOCVD on 2.5 mm thick n-doped GaN (T g 10758C) grown on c-plane doubleside polished sapphire substrate, employing a lowtemperature 30-nm GaN buffer layer (T g 5158C). The conventional QW structure consists of four-period 3.5-nm thick In 0.24 Ga 0.76 N QWs, which was grown at 7408C with growth time t ¼ 1.09 min. The In-content in conventional InGaN QW is calibrated as 24%. The staggered InGaN QW LEDs consists of four periods of the three-layer staggered InGaN QW. The three-layer staggered InGaN QW consists three InGaN layers with the higher Incontent InGaN layer (layer #2, T 2 ¼ 7258C) in the centre sandwiched between two lower In-content InGaN layers (layers #1 and #3, T 1 ¼ 7558C). The growth time for the layer #1, layer #2 and layer #3 are t 1 ¼ 0.25 min, t 2 ¼ 0.29 min and t 3 ¼ 0.25 min, respectively, with the ramping-up and ramping-down time t p ¼ 0.15 min. From our calibration studies, we estimated the In-contents in the three-layer staggered InGaN QW are 21%, 28% and 21%, with the estimated thicknesses from calibration as 1.05, 1.4 and 1.05 nm, respectively. Both the conventional InGaN QW and three-layer staggered InGaN QW were designed for achieving similar peak emission wavelength in LED operation, with nominal similar total QW thickness. We employed 10-nm u-GaN barrier layer between QW active regions in all the device structures studied. On top of the top barrier layer, 200-nm thick p-type GaN with Mg doping of 3 Â 10 17 cm 23 were grown. The LED devices were fabricated for both samples, and Ti/Au as n-contact and Ni/Au as p-contact were evaporated followed by contact annealing.
The luminescence characteristics of both the conventional and three-layer staggered InGaN QW samples were studied by power-density-dependent CL measurements. For these CL measurements performed at room temperature, we Figure 9 Calibration studies of the In-contents in In x Ga 12x N layer grown by MOCVD, as a function of growth temperature ). The high electron beam accelerating energy of 10 keV was utilised to penetrate through the 200 nm thick p-GaN layer, which was grown on top of the InGaN QW active region. To study the effect of the pumping power on the CL intensity for both the conventional and three-layer staggered InGaN QW LED structures, different excitation power density levels were applied on both of the conventional and three-layer staggered InGaN QW LED samples. The various excitation power densities were obtained by varying the electron beam current (with constant accelerating voltage of 10 keV) from 20 nA up to 950 nA. Fig. 10 shows the measured CL spectra plotted against pumping current (shown for 600, 700, 800 and 900 nA) of the conventional and three-layer staggered InGaN QW. The staggered InGaN QW sample exhibited improved peak luminescence by up to 3 times that of the conventional QW. Note that the peak emission wavelengths of both the conventional and staggered InGaN QWs show blue shift from 525 to 500 nm when the pumping current increases, which is due to the carrier screening effect.
Integrated CL intensities for both conventional and threelayer staggered InGaN QW samples were obtained by integration of the spectral data and are plotted against the current from 20 nA up to 950 nA, as shown in Fig. 11 . The integrated CL intensity of the three-layer staggered InGaN QW exhibits improvement by 1.8 -2.8 times compared to the conventional QW. Fig. 12 shows the electrical luminescence (EL) for the conventional InGaN QWs LED and three-layer staggered InGaN QWs LED emitting at 520 -525 nm, measured under continuous wave (CW) operation at room temperature. Both devices were based on bottom-emitting square device, with area size of 510 mm Â 510 mm. The enhancement of the peak EL for the three-layer staggered InGaN LED as compared to the conventional LED is 1.8 times (1.3 times) at I ¼ 100 mA (I ¼ 200 mA). Note that the full width at half maximum (FWHM) for the EL spectra of the three-layer staggered InGaN LED is wider, in comparison to that of the conventional InGaN LED, in particular for high injection current level. This broadening could potentially result from the less abrupt interfaces in the three-layer staggered InGaN QW, or the increased inhomogeneous broadening in the higher In-content InGaN layer. Fig. 13 shows the output power against the inject current density for conventional and three-layer staggered InGaN LEDs. The output power of the three-layer staggered InGaN QW LED was measured as 2.0 -3.5 times higher in comparison to that measured from conventional InGaN QW LED, as a result from the higher intensity and broadened FWHM of the spectra from staggered QW. Figure 10 CL spectra of conventional and three-layer staggered InGaN QWs emitting at 520 nm with various pumping current from I ¼ 600 nA up to I ¼ 900 nA at T ¼ 300 K Figure 12 EL spectra for conventional InGaN QW and threelayer staggered InGaN QW LEDs emitting with peak wavelengths at 520 -525 nm The enhancement observed in both radiative efficiency and output power of the CW EL measurements for three-layer staggered InGaN QW LEDs are in good agreement with the predicted theory.
The time-resolved photoluminescence (TR-PL) measurements were performed for both conventional and three-layer staggered InGaN QW LED samples emitting at 520 -525 nm, as shown in Fig. 14 . The TR-PL measurements were carried out by utilising the Nd:YAG laser amplifier with tuneable wavelength from 200 nm up to 10 mm. The excitation laser wavelength employed for the measurements of the InGaN QWs samples was 430-nm with pulse duration and repetition rate of 25 ps and 10 Hz, respectively. The output power for the excitation laser beam was 30 mJ with the diameter of the laser beam of 80 mm. Thus, the PL excitation employed in the TR-PL measurement was about 0.6 W/cm 2 . The photomultiplier tube (Thermo Oriel Instruments 70705) was used as the detector for the emission from the InGaN QW LEDs samples. The Lecroy LT584 oscilloscope with 1 GHz bandwidth was used to collect and display the time evolution of PL intensity signals from the TR-PL measurements. From the TR-PL measurements on LED device sample (shown in Fig. 14) , the three-layer staggered InGaN QW exhibited 35% reduction of carrier lifetime (t _staggered ¼ 12.3 ns), in comparison to that (t _conventional ¼ 18.9 ns) of conventional InGaN QW. The TR-PL measurements were also conducted on PL samples (with no p-GaN cap layer), and the measurements also indicated 35 -40% reduction of the carrier lifetime observed for three-layer staggered InGaN QW in comparison to those measured of conventional InGaN QW PL samples. The enhancement in both radiative efficiency and output power of the three-layer staggered InGaN QW LEDs, accompanied by a reduction in carrier lifetime, indicated that the increase in radiative recombination rate from the improved electron -hole wavefunction overlap as a dominant contributing factor to the improved device characteristics.
Summary
In summary, staggered InGaN QW as active region for LEDs emitting at 520-525 nm was investigated both numerically and experimentally. Comprehensive design studies were carried out by employing self-consistent sixband k . p method, taking into account valence band mixing, strain effect, spontaneous and piezoelectric polarisations as well as the carrier screening effect. Both two-layer and three-layer staggered InGaN QW structures with optimised In-content and sub-layer QW thickness show significantly improved radiative recombination rate and radiative efficiency as compared to that of the conventional InGaN QW emitting at 520 -525 nm.
Three-layer staggered InGaN QWs grown by MOCVD employing graded temperature profile were demonstrated as improved active region for III-nitride LED emitting at 520-525 nm. The power-dependent CL measurement indicates 1.8-2.8 times enhancement for the three-layer staggered InGaN QW. The radiative efficiency of threelayer staggered InGaN QW LED is improved by 2.0-3.5 times, in comparison to that of the conventional InGaN QW. Based on the improvement in the radiative efficiency of three-layer staggered InGaN QW LED, the improved device characteristics of three-layer staggered InGaN QW can be attributed to the increase in the radiative recombination rate of the novel QW active region in agreement with theory. TR-PL measurements also indicated 35% carrier lifetime reduction in three-layer staggered InGaN QW. The increase in output power and radiative efficiency of staggered InGaN QW LEDs, accompanied by a reduction in carrier lifetime, provided good indication that the radiative recombination rate in staggered InGaN QW was enhanced. Although the current Figure 14 Time-resolved measurements on both three-layer staggered InGaN QW and conventional InGaN QW LED samples, with peak emission wavelength at 520 -525 nm
The measurements were carried out by employing 430-nm excitation lasers with pulse duration of 25 ps 
